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ABSTRACT

The use of ultraviolet-C (UVC) radiation for disinfecting high contact surfaces in
areas with a high risk of transferring infection causing bacteria and viruses such as hospitals
is a growing practice that has proved to be more effective than currently used disinfection
methods. Current practices of hospital room disinfection via UVC radiation include
running a stationary UVC source for a large amount of time in a space to allow all surfaces
to receive the radiation dosage required to eliminate the targeted surface-dwelling
pathogens. This method relies on either passively reflecting rays around a room to achieve
adequate disinfection of hidden surfaces or a member of hospital staff to reposition the
UVC source in hidden areas (such as a bathroom or closet).
Automated mobile robots (AMRs) are currently widely being adopted for repetitive
tasks in the healthcare industry. The coupling of a UVC radiation source with an automated
mobile robot would allow for the radiation source to autonomously traverse a hospital room
in order to actively disinfect surfaces rather than relying on a stationary source to passively
disinfect them. Additionally, by leveraging non-convex optimization techniques, the UVC
source would be able to optimally navigate a hospital room, which would result in more
efficient disinfection times than the currently used method. Additionally, the possible
increase of efficiency in the disinfection of hospital rooms could lead to significant
reductions in turnover time. This paper investigates the promotion of a safer hospital
environment through the use of autonomy in the pursuit of achieving this goal.
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CHAPTER ONE: MOTIVATION AND RESEARCH OBJECTIVES

Chapter objectives:
•

Provide research motivation.

•

Provide research objectives.

The primary objective of this research is to optimize the disinfection of a hospital
room through the use of Ultraviolet-C radiation. By placing an Ultraviolet-C (UVC)
radiation source on a mobile robot, the UVC source is rendered mobile and its motion
around a room can be used to facilitate express, automated disinfection that can ensure that
all surfaces present are disinfected to an acceptable standard within a shorter time period
than current methods can provide. This time and cost savings can be invaluable for
hospitals and public use buildings which require the presence of high-risk individuals,
where thorough disinfection is a required precaution.
1.1 Research Objectives and Motivation
This research was founded on two primary research objectives, outlined in this
section. The further contents of this thesis illustrate the process followed in the pursuit of
a result that would meet both of these desired objectives.
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1.1.1 Research Motivation
This research is motivated by the desire to create a safer hospital environment by
increasing the efficiency and effectiveness of critical hospital tasks. Specifically, this
research focuses on the use of autonomy to achieve this goal. Automated mobile robots
(AMRs) are currently used in the healthcare industry for fetching and delivery tasks, such
as delivering lab work and automated removal of hazardous trash and waste, as seen in
Figures 1.1 and 1.2, respectively. Additionally, these robots are relied on for scheduled
delivery of items such as pharmaceuticals and patient meals [1]. The addition of AMRs to
complete these delivery tasks has been estimated to reduce travel cost in a typical 200 bed
hospital by 50-80% [5]. Therefore, introducing an AMR to aid in the disinfection of
hospital rooms that would increase efficiency and effectiveness of hospital room turnover
procedures is the primary goal of this research.

Figure 1.1: Secure cabinet-stye AMR being used to deliver lab work in a healthcare
environment [1].
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Figure 1.2: Truck-style AMR being loaded with sensitive waste for automated
disposal [1].
1.1.2 Research Objective One
The first objective relates to the desire to create a method of disinfection for hospital
rooms that would not require constant input for hospital staff and would allow for faster
turnover times of hospital rooms as an effect of this autonomy. To state plainly: research
objective one is to create an autonomous disinfection solution for hospital rooms in order
to reduce room turnover time.

1.1.3 Research Objective Two
The second objective of this research is a refinement on the first. This objective
relates to the desire to not only create an autonomous disinfection method, but to create an
optimal autonomous disinfection method that will function for rooms of all geometry. To
state plainly: research objective two is to create an optimized autonomous disinfection
solution that is not hampered by rooms of non-convex geometry.
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CHAPTER TWO: BACKGROUND

Chapter Objectives:
•

Explain the difference between viruses and bacteria and the ways they interact with
surfaces.

•

Describe the different types of ultraviolet radiation and how they interact with
viruses and bacteria.

•

Display and explain the differences between rooms of convex and non-convex
geometry.

2.1 Surface Dwelling Pathogens
Pathogens are known as any type of virus or bacteria which can cause disease. This
being said, viruses and bacteria are very different types of pathogens. They exist, multiply,
and interact with humans differently. Understanding the distinction between the two will
allow for enhanced clarity as methods for eradicating the two are discussed.
Viruses are non-living clusters of genetic material that are surrounded by a layer of
protein (and occasionally a layer of fat as well) to protect themselves. Viruses cannot
reproduce outside of a host cell, so they lie mostly dormant on surfaces, waiting to infect a
host cell in order to begin multiplying. Once inside of an organism, viruses begin
replicating their own viral genome inside of the host cell before creating more viral proteins
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to be released from the initial host cell in order to continue the process with other cells of
the host organism [28].
Bacteria are living, single celled organisms called prokaryotes. There exist some
bacteria that are beneficial to humans and those that are detrimental to humans. The human
body functions harmoniously alongside many different forms of bacteria living in order to
stay healthy and fully operational. The harmful bacteria that exist cause harm by
reproducing very quickly within the human body and killing the healthy human cells via
overcrowding. These bacteria can also be harmful due to the fact that some even produce
toxins that are harmful to the host cells. Bacteria, unlike viruses, can survive and multiply
outside of the human body, causing them to be quite resilient to eradication through simple
cleaning [28].
Bacteria exist in two general forms: gram-negative and gram-positive. Gramnegative bacteria feature a protective outer membrane that makes them more resistant to
antibiotics. By contrast, gram-positive bacteria do not feature this extra, protective outer
membrane, making them easier to treat with antibiotics [19, 24, 28].
The understanding of the distinction between viruses and bacteria, and between
gram-negative and gram-positive bacteria, aids in illustrating the ability of these pathogens
to survive on surfaces outside of the body. As seen in Table 2.1, since they are able to live
and reproduce outside of a host body, bacteria are the able to live on dry, inanimate surfaces
(such as doors, tables, etc.) longer than viruses. Further, due to their protective outer
membrane, it can be seen that gram-negative bacteria (such as Escherichia coli and
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Klebsiella spp.) have a far hardier length of persistence than that of the gram-positive
bacteria seen in the table [19, 24].
Disinfecting a surface means directly killing and destroying microorganisms on that
surface. As seen in Table 2.1, bacteria and viruses can persist on dry, inanimate surfaces
(such as tables, doors, walls, etc.) for a variant amount of time if un-inhibited. Therefore,
when dealing with these pathogens, disinfection is a desirable goal when discussing the
creation of a safer environment with respect to transmission of those pathogens.
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Table 2.1: Pathogens and their length of persistence on dry surfaces [16, 18].
Type of Pathogen

Pathogen Name

Disease
Caused

Staphylococcus
aureus

7 – 210 days

Clostridium difficile

150 days

Escherichia coli

0.06 – 480 days

E. coli infection

Klebsiella spp.

0.08 – 900 days

Pneumonia,
Meningitis

Vibrio cholerae

1 – 7 days

Cholera

SARS-CoV-2

0.25 – 9 days

COVID-19

Influenza virus

1 – 2 days

Seasonal Flu

6 – 60 days

Diarrheal
diseases

Poliovirus type 1

0.17 – 7 days

Poliomyelitis

Poliovirus type 2

1 – 56 days

Poliomyelitis

HAV

0.08 - 60 days

Hepatitis A

HIV

7 days

HIV/AIDS

Gram-Positive
Bacteria

Gram-Negative
Bacteria

Length of
Persistence

MRSA
Diarrhea,
Severe colon
damage

Respiratory Viruses

Rotavirus
Gastrointestinal
Viruses

Blood-Borne Viruses
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2.2 Disinfection Through Radiation
Disinfection can be achieved through various means. As noted by Casini et al., in
order to reduce the number of healthcare-associated infections (HAIs), proper and thorough
cleaning procedures must be put into place in hospitals. This is especially true when
considering the fragility of many patients with immune system disorders, as they are
especially susceptible to disease caused by nosocomial pathogens. Furthermore, recent
years have seen the rise and persistence of the SARS-CoV-2 virus and the contagious
nature of the virus, if not properly eradicated from high touch surfaces. Even after hospitals
have increased the amount of required disinfection and continue to enforce more strict
standard operating protocols, up to 30% of surfaces have been shown to remain
contaminated [8]. This number is not a testament to lax healthcare workers, rather it is a
testament to the intractable nature of common pathogens found on high touch surfaces. For
these reasons, it is apparent that standard operating protocols would benefit from an
unassailable method of disinfecting contact surfaces in both critical locations such as
hospitals and pharmacies and non-critical, high traffic locations such as supermarkets and
public transportation.
An ideal candidate for this application would be one that requires little to no effort
from essential workers in the hospital, to allow them more time to work with patients, and
one that does not increase the turnover time of the hospital rooms from the current times,
in order to increase the number of patients that can be seen in a day. This is where UVC
radiation sources become a helpful solution. UVC radiation is short wavelength light
(250nm) that deactivate and destroy bacteria and viruses by disrupting their DNA [10, 27].
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During a study done by Anderson et al., nine participating hospitals allowed researchers to
collect data within the rooms of patients who were known to have one of four most common
HAIs (Methicillin-resistant Staphylococcus aureus (MRSA), vancomycin-resistant
enterococci (VRE), Clostridium difficile, and Acinetobacter) in order to determine the
effectiveness of adding UVC radiation to an existing bleach cleaning regiment. Following
the conclusion of this experiment, researchers analyzed the number of colony-forming
units (CFUs) of the aforementioned four HAI causing bacteria, seen in Table 2.2 [2].

Table 2.2: Disinfection strategies and the remaining amounts of colony forming
units following disinfection [2].
Quaternary
Bleach
Ultraviolet-C
Ammonium
Disinfectant
Disinfection
Disinfectant
Number of Rooms Tested
21
23
28
Total CFUs Detected in All
Rooms After Disinfection

1277

269

94

Mean CFUs Detected per
Room After Disinfection

60.8

11.7

3.4

Following the discovery of the results from Table 2.2, Duke University Hospital,
Duke Regional Hospital, and Duke Raleigh Hospital are only a few of the hospitals
nationwide to have added UVC radiation sources to their standard operating procedures in
an effort to create a new set of protocols that they have termed “enhanced disinfection”
[10].
Previously, it was identified that an improved method of disinfection would be one
that requires less work by hospital workers and that reduces the turnover time of hospital
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rooms. In the aforementioned study conducted by Anderson et al., the UVC radiation
source was placed in the approximate center of the hospital room and was allowed to run
continuously in the empty room for 30 minutes before the machine shut down. Then, by
manufacturer recommendation, the room was allowed to ventilate in order to dissipate any
ozone created by the UVC radiation device before allowing human re-entry to the room.
While the introduction of stationary UVC radiation sources does indeed reduce the amount
of required work from hospital staff during the disinfection process, it also increases the
turnover time of hospital rooms due to the process of setting up the UVC radiation source,
allowing it to run, allowing the room to ventilate, and then removing the UVC radiation
source. This means that the hospital is more thoroughly disinfected at the cost of becoming
less efficient [2].
In order to reduce the time required to disinfect these rooms, the dosage being
received by each surface would need to be increased. The equation for determining what
dose of radiation a surface receives can be seen in Equation (2.1), where D is the dose
𝐽𝑜𝑢𝑙𝑒

(𝑚𝑒𝑡𝑒𝑟 2) of UVC radiation that a surface receives, P is the power of the radiation source
(Watts), t is the amount of time that the surface is exposed to the radiation source (seconds),
L is the length of the bulb being used in the UVC radiation source (meters), and r is the
distance that the radiation source is from the surface being disinfected (meters) [13].

𝑃𝑡

𝐷 = 2𝜋𝐿𝑟
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(2.1)

By Equation (2.1), the dosage that surfaces are receiving could be increased by
reducing the distance between the UVC source and the disinfection surface and by
increasing the irradiation time. Since the goal is reduce cycle time, the distance between
the UVC source and the disinfection surface is the only variable which can be altered
(assuming that the UVC source parameters P and L are kept constant). One solution to
achieve a shorter distance between surfaces would be simply adding more UVC radiation
sources. This, however, would result in the hospital needing to invest in more capital in
equipment that is already quite expensive. Furthermore, the addition of more UVC sources
would result in more equipment for hospital staff to move from room to room and would
still create some extra amount of lost time.
It would be more beneficial if hospital staff could manually move the radiation
sources around the room during their use. This would not reduce the amount of work for
hospital staff but could drastically reduce the amount of time needed to disinfect rooms
and would therefore positively impact turnover time of hospital rooms. Since so much is
known about UVB radiation being a large cause of skin cancer in mammals, it is intuitive
to assume that UVC radiation would result in similar results. However, unlike the effects
of UVB, much is still unknown about the effects of UVC radiation on mammals. In a study
conducted to determine the use of small amounts of UVC radiation to treat localized
infections, it was discovered that although small, localized doses of UVC radiation can be
helpful in mammalian cells and tissues to fight infections, the effects of UVC radiation can
include lesions and tumors (similarly to the effects of exposure to UVB radiation). In the
same study, small doses of UVC radiation were also found to damage DNA, though DNA
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repair enzymes were typically found to repair this damage shortly after exposure [14].
There is no need for essential workers to incur more risk in hospitals than they already do
on a daily basis. Therefore, the results of this study serve as adequate justification to rule
out the approach of ever exposing hospital staff to active UVC radiation sources, even with
the proper PPE.
Another candidate solution exists that could stand to both increase the cleanliness
of the hospital while also making it more efficient. This solution would involve placing the
UVC radiation source on a mobile robot, allowing it to traverse hospital rooms on its own,
optimizing its route around the room as a function of necessary exposure to disinfect the
surfaces within the room with the goal of minimizing the time spent in that room. This
candidate solution stands to reduce the current turnover time of hospital rooms using UVC
sources, reduce the staff needed to operate UVC sources, and increase the direct expose to
UVC radiation of surfaces in the room as compared to a stationary UVC source. This
candidate solution is what this thesis is focused on exploring and assessing, as is suggested
by the first established research objective.

2.3 Convex and Non-Convex Geometry
The second objective of this research clearly relays the requirement of a solution
that is both optimal and not hampered by rooms of non-convex geometry. This distinction
in viable room geometry is important due to the relation of the room’s shape to that of
visibility of any UVC source. Convex functions are those which feature feasible solutions
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which are all able to be connected by a straight line without leaving the solution space.
Optimization with convex functions is simpler to complete than non-convex optimization
due to the fact that there is only a single minimum. An example of a convex function can
be seen in Figure 2.1. Non-convex optimization is, by contrast, more difficult due to the
fact that non-convex functions feature multiple, local minima. Specifically, in non-convex
functions there may be multiple minimum values depending on where the optimization
function is searching within the function. Therefore, the optimization of these functions
would involve determining which of these local minima is the global minima, which is not
a trivial matter for a numerical solver. An example of a non-convex function with four local
minima can be seen in Figure 2.1.

Figure 2.1: Example curves displaying the minima existing in both convex and nonconvex functions.
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As will be displayed in this research, the characteristics involved with the shape of
these mathematical functions is what adds a significant level of complexity as far as
optimization is concerned. The non-convexity seen in this research stems not from a single
facet, but from many: the nonlinear dynamics of the robot, the surfaces, and the constraints
on the optimization (which will be explained further in this paper). An additional source of
non-convexity comes from the shape of the room. In a convex room, a UVC source would
have direct line of sight to any of the room’s walls, as is seen in Figure 2.2.

Figure 2.2: Room of convex geometry.
However, with non-convex rooms, the same is not true. This causes a problem with
a UVC source, in that a non-convex room will create hidden areas that are not directly
exposed to the UVC source, making it difficult to accurately track the radiation dosage that
they have received, as is seen in Figure 2.3. In order to alleviate this issue, however, rooms
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of non-convex geometry can be bisected by a threshold and broken down into constituent
regions of convex geometry, creating separate regions that can contain a UVC source and
ensure that all surfaces within will obtain exposure. This process can be seen in Figure 2.3
as well.

Figure 2.3: Room of non-convex geometry split into two rooms of convex geometry
at the boundary.
Even with the surface exposure issue being alleviated by the reduction of nonconvex rooms, there are still many elements of this research which result in a non-convex
optimization problem, making it difficult to obtain a solution that is decidedly globally
optimal. Although convex optimization can play a part in locating a minimum local
solution of non-convex optimization problems, typically it is very difficult to prove if nonconvex optimization yields a global minimum. Therefore, when dealing with non-convex
optimization, most solutions of any minimum are accepted as optimal: this is also the
underlying assumption of this research [7].
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CHAPTER THREE: FORMULATION AND IMPLEMENTATION

Chapter Objectives:
•

Present and explain the robot and surface dynamics for this research.

•

Present and explain the cost function and constraint sets for this research.

•

Reveal the encountered roadblocks and the solutions applied to overcome them.

3.1 Kinematics and Dynamics
There were two models that were relevant to this research: the kinematics of the
mobile robot considered to be traversing the room while carrying the UVC radiation source
and the dynamics of the surfaces to be disinfected.

3.1.1 Robot Kinematics
This research, being interested in investigating the viability of this disinfection
solution, employs a unicycle kinematic model for the motion of the robot. The robot being
considered in this research is one with two direct drive wheels in the rear, preceded by a
single, omnidirectional wheel at the front and center of the robot (as can be seen in Figure
3.1). In order to simplify the calculation of the robot’s pose (ordinate, abscissa, and
heading) with respect to the global frame, the unicycle dynamic model was adopted. This
dynamic model, as documented in [6], simplifies the calculation of the robot’s pose by
assuming that it is guided by only a single omnidirectional wheel at the robot’s center of
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mass, that can operate with any desired velocity. This allows the robot’s pose to be
calculated independent of the rear wheel velocities. Then, further post processing
calculation can be completed in order to obtain the required rear wheel velocities that would
result in the same motion of the robot as was determined using the simplified unicycle
kinematic model [6].

Figure 3.1: Motion of the mobile robot to reach desired location (modeled after [6]).
When considering the motion of the mobile robot, there are two primary velocities
of concern: the angular velocity (how fast the robot must turn to face its desired destination
in the allotted time) and the linear velocity (how fast the robot must move in a straight line,
following a change in heading, to reach its desired destination). The angular velocity and
linear velocity are integral factors in determining the pose of the robot at each moment in
time. As mentioned, the required angular velocity to reach the robot’s desired destination
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is based upon the necessary change in heading of the robot, determined by how much the
robot must rotate from its current heading in order to be facing the direction of the next
destination within the allotted time. Similarly, the required linear velocity to reach the
robot’s desired destination is based upon how far the robot must travel to reach its
destination. This linear velocity is determined by the amount of ground the robot must
cover in the allotted time in order to reach its desired destination, as was seen in Figure 3.1.
The calculations for the linear velocity (𝜈) and angular velocity (𝜔) can be seen in
Equations (3.1) and (3.2), respectively. Furthermore, in order to control the rate at which
the robot is allowed to accelerate, the linear acceleration (𝑎) and the angular acceleration
(𝛼) must be determined as well. These can be seen in Equations (3.3) and (3.4), respectively
[6].

2

𝜈 (𝑡) =

√(𝑥(𝑡+1)−𝑥(𝑡)) + (𝑦(𝑡+1)−𝑦(𝑡))

(3.1)

Δ𝑡

𝜔 (𝑡) =

(𝜃(𝑡+1)− 𝜃(𝑡))

(3.2)

Δ𝑡

2

𝑎 (𝑡) =

2

2

√(𝑉𝑥 (𝑡+1)−𝑉𝑥 (𝑡)) + (𝑉𝑦 (𝑡+1)−𝑉𝑦 (𝑡))
Δ𝑡

𝛼 (𝑡) =
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(𝜔(𝑡+1)−𝜔(𝑡))
Δ𝑡

(3.3)

(3.4)

As can be observed in Figure 3.1, the state vector of the unicycle robot has three
components with respect to the global coordinate frame: the abscissa state (𝑥), the ordinate
state (𝑦), and the heading state (𝜃). These comprise the state vector (𝑞) of the mobile robot,
seen in Equation (3.6). The component velocities can be determined using the linear
velocity in conjunction with trigonometric functions of the necessary heading angle, as is
seen in Equation (3.5). Using this velocity vector along with the angular velocity seen in
Equation (3.2), the state vector can be determined for each time step, as can be seen in
Equation (3.6). Additionally, the component and angular acceleration values can be
calculated in a similar manner, using the information obtained from Equations (3.3) and
(3.4) in order to determine the velocity state vector (𝑞𝑣 ), shown in Equation (3.7) [6].

𝑉𝑥 (𝑡)
𝑐𝑜𝑠 𝜃(𝑡 + 1)
]=[
] ∗ 𝑣(𝑡)
𝑉𝑦 (𝑡)
𝑠𝑖𝑛 𝜃(𝑡 + 1)

(3.5)

𝑉𝑥 (𝑡)
𝑥 (𝑡 + 1)
𝑥(𝑡)
𝑞 = [𝑦 (𝑡 + 1)] = [𝑦(𝑡)] + [ 𝑉𝑦 (𝑡) ] ∗ ∆𝑡
𝜃 (𝑡 + 1)
𝜃(𝑡)
𝜔(𝑡)

(3.6)

𝑉𝑥 (𝑡 + 1)
𝑉𝑥 (𝑡)
𝑎𝑥 (𝑡)
𝑞𝑣 = [𝑉𝑦 (𝑡 + 1)] = [𝑉𝑦 (𝑡)] + [ 𝑎𝑦 (𝑡) ] ∗ ∆𝑡
𝜔(𝑡 + 1)
𝜔(𝑡)
𝛼(𝑡)

(3.7)

[
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3.1.2 Surface Dynamics
As time elapses and the simulation evolves, the surfaces of each wall will be
gradually disinfected due to the exposure to the presence of the Ultraviolet-C radiation
source. As this occurs, the level of disinfection of each, discrete surface must be updated
accordingly. In order to determine that the simulation accurately tracks the dosage that each
discretized disinfection target receives, the dosage calculation seen in Equation (2.1) is
introduced along with some additional dynamics to be discussed in this section. This results
in a surface dynamic equation, Equation (3.8), that is more accurate than the simple dosage
calculation discussed previously due to its inclusion of exposure angle, indicator function,
and absorption coefficient.

⃑⃑
𝑟⃑ ∙ 𝑛

𝑃𝑡

𝑆𝑖 (𝑡 + 1) = (1 − β) ∗ 𝑆𝑖 (𝑡) + ((2𝜋𝐿‖ 𝑟⃑ ‖ ∗ | 𝑟⃑ |∗ | 𝑛⃑⃑ |) ∗ (𝐼𝑁𝐷(𝑖)) ∗ γ) (3.8)
2

The first component of the equation accounts for the degradation of cleanliness of
each surface. As time evolves, airborne pathogens will be introduced to the surface and
remaining colonies of bacteria may multiply at a significant rate. The  term denotes the
rate at which the surfaces are re-infected. It is multiplied by the dosage that the target had
accumulated on the previous time step and is then added to the amount of disinfection the
surface is currently receiving during the current time step. This parameter is one that needs
to be validated experimentally and is accepted as an input by the user.

20

The second portion of the surface dynamic equation is integral to the calculation of
the exposure of each surface. Within this term, the dosage from Equation (2.1) is first seen,
with the Euclidean distance between the UVC source and the disinfection target taking the
place of 𝑟 from the original equation.
The angle between the UVC source and the disinfection target is determined by
leveraging the inner product between the distance vector from the robot to the target (𝑟⃑)
and the normal vector emerging from each disinfection target and pointing out of the room
(𝑛⃑⃑). This term is determined by dividing the dot product of the two aforementioned vectors
by the product of the magnitude of vectors 𝑟⃑ and 𝑛⃑⃑. This relationship is known to be
equivalent to the cosine of the angle created by these two vectors [9]. As was noted in [26],
the intensity of the UVC radiation behaves similarly to a cosine curve with increasing
angle, leading to the inclusion of this term to determine the decremental performance of
the UVC source at varying angles.
The third bracketed component of the surface dynamic equation is the indicator
function, created to allow the optimization to run in rooms of non-convex geometry. The
indicator function is simply a binary variable which will change value depending on
whether or not the UVC radiation source is within the line of sight of the disinfection target
or not, as seen in Equation (3.9).
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1 UVC source within visibility region 𝑘
𝐼𝑁𝐷(𝑘) = {
0
otherwise

∀𝑘 = disinfection targets
(3.9)

The visibility region for each disinfection target is an input to the optimization and
is assumed to be known by the user. Each disinfection target has the same number of
visibility regions as there are rooms (distinct, convex regions) in the full space. The first
visibility region of each disinfection target is the region in which it resides (as the radiation
source can be anywhere within this chamber and it will be guaranteed to have uninhibited
line of sight to the disinfection target). The subsequent visibility regions are determined by
the possible lines of sight of each disinfection target into neighboring chambers within the
space. The borders of these visibility regions are determined by two straight lines that pass
through both the disinfection target and the corners of the threshold formed by the bisection
of the two convex regions within the boundaries of the non-convex room. This is displayed
in Figure 3.2 below.

Figure 3.2: Visibility region of Target 1, bordered by the visibility boundaries
defined by a line intersecting each corner at the threshold between rooms as well as
the target itself.
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The final variable (𝛾) in the surface dynamic equation is the surface absorption
coefficient. This variable must be experimentally validated and is dictated by the user and
encodes the ability of a surface to either absorb or reflect the UVC radiation by
decrementing the dosage received by the surface at each time, depending on the constituent
material of each surface to be disinfected. Simulation results containing the use of this
coefficient can be seen in Appendix C and should be compared to the results shown for the
Sanidyne Prime unit in Figures 4.14 and 4.15.
3.2 Optimization
The optimization for this research was completed by leveraging the fmincon
function in MATLAB. Although it is a function for completing convex, constrained
optimization, convex optimization techniques can be used to determine local minimums,
making it an ideal candidate for this research [7]. The general structure of the MATLAB
script that was created for this research involved 8 major steps, as explained in latter parts
of this section. In order to formulate this optimization and to frame it in a way to be
representative of a realistic scenario, certain simplifications must be made to the problem.

3.2.1 Simplifications to the Scenario
In order to consider the desire of optimally traversing a hospital room in order to
disinfect critical surfaces, simplifications to the problem were made to allow the scenario
to be considered in an iterative manner. Specifically, time was be discretized into “time
steps.” Discretizing time in this manner removed the complexity of continuous time, which
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is difficult to consider for optimization and dynamic calculation. Rather, the discretization
of time into these time steps of variant length (one second, one minute, etc.) allowed the
problem to be solved for the state of the robot at each, distinct point in time. With
increasingly small discretization of time steps, the discrete time becomes so refined that it
approaches what will essentially appear to be continuous time.

The second continuous variable that was discretized for this research was the
surfaces that require disinfection. The walls of each hospital room feature a continuous
surface. Ideally, the entirety of this surface would be the desired disinfection target.
However, this becomes problematic when updating the surface dynamics and considering
the level of disinfection of an entire wall, for example. Rather, the surfaces have been
discretized to fewer targets, located on the surface to be disinfected. This allows for these
targets to act as representatives for the state of the surface surrounding them. As was the
case with discretized time, the discretization of the disinfection surface to representative
targets can become so refined that this series of targets will appear to become its constituent
continuous surface.

3.2.2 Formulation
Step One: Pre-processing. Before any optimization can be completed, a significant
amount of pre-processing must take place. This mostly involves reading user-specified
parameters and values from a spreadsheet in order to provide structure to the problem being
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optimized by creating the specified room boundaries, optimization constraints, and other
things that do not need to be completed along-side the optimization.
Step Two: Optimization. Using the cost function that was created during the preprocessing phase of the program, fmincon will also call previously created constraint
functions in order to complete the constrained optimization problem presented to it. The
entire optimization process results in only a single position vector (𝑟𝑑 ). This vector, seen
in Equation (3.10), is termed the desired position vector. This is the desired destination of
the robot, and where the rest of the simulation will attempt to send it.

𝑟𝑑 (𝑡 + 1)* = [

𝑥𝑑 (𝑡 + 1)
]
𝑦𝑑 (𝑡 + 1)

(3.10)

* acquired from optimization
Step Three: Calculation of the required heading. In order to move the robot to the
desired location as determined by the optimization in the previous step, the robot must first
adjust its heading to ensure that it is facing the next location. In order to determine what
the heading of the robot must be, Equation (3.11) is used. This equation will use the current
location of the robot as well as the desired location of the robot to determine what the
heading of the robot needs to be in order to find the desired heading.

2

𝜃𝑑 (𝑡 + 1) = tan

−1
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(

√(𝑦(𝑡+1)−𝑦(𝑡))

√(𝑥𝑑 (𝑡+1)−𝑥(𝑡))

2

)

(3.11)

Step Four: Calculation of the control inputs. Now that the entire desired state vector
(𝑞𝑑 ) is known, the required control inputs (angular velocity and linear velocity) to achieve
the desired location and heading are calculated. The equations to calculate the angular and
linear velocities are seen in Equations (3.12) and (3.12), respectively. Additionally, the
calculation of the linear acceleration can be seen in Equation (3.4). The calculation of the
component and angular accelerations are determined as discussed previously.

𝜔 (𝑡) =

(𝜃𝑑 (𝑡+1)− 𝜃(𝑡))

2

𝜈 (𝑡) =

(3.12)

Δ𝑡

√(𝑥𝑑 (𝑡+1)−𝑥(𝑡)) + (𝑦𝑑 (𝑡+1)−𝑦(𝑡))

2

Δ𝑡

(3.13)

Step Five: Application of the control inputs. Once the angular velocity and the
linear velocity have been calculated, they can be applied to the system as control inputs in
order to determine the required velocity vector in order to drive the robot to the desired
location, as seen in Equation (3.5). Once the velocity vector is determined, it is then used
to calculate the achievable state vector (𝑞̃) of the robot, as seen in Equation (3.14). The
states contained within the achievable state vector are then determined to be the next,
feasible location of the robot and the states within 𝑞̃ become 𝑞.

𝑉𝑥 (𝑡)
𝑥 (𝑡 + 1)
𝑥(𝑡)
𝑞̃(𝑡 + 1) = [𝑦 (𝑡 + 1)] = [𝑦(𝑡)] + [ 𝑉𝑦 (𝑡) ] ∗ ∆𝑡
𝜃 (𝑡 + 1)
𝜃(𝑡)
𝜔(𝑡)
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(3.14)

Step Six: Update Surface Dynamics. At this point, the robot has been moved to its
decidedly optimal location and the surface dynamics need to be updated. Using the surface
dynamic model presented in Equation (3.6), the discretized disinfection surfaces are
updated now that the robot has moved to the new location.
Step Seven: Repeat. Once the mobile robot has been moved to the optimal location
and the surface dynamics have been updated, all data required for the current time step has
been calculated. Now, the script will continue through another iteration, using the robot’s
current location as the starting point for determining the next optimal move.
Step Eight: Post-processing. Following the iteration of the script through all allotted
time, some post-processing takes place in order to determine the performance of the
optimization. Namely, the exposure of each, discretized disinfection target over time is
plotted to give the user a visual representation of the amount of radiation that each
disinfection target has received, as will be displayed in the results section.

3.2.1 Cost Function
This research was framed in such a way that the optimization is seeking a
minimizing solution. Therefore, the cost function (or objective function) was written to
incentivize the solution that yields the smallest possible value of the cost function. The
cost function, seen in Equation (3.15) is essentially iteratively accumulating the amount of
exposure that all disinfection targets are receiving and seeking to find the position of the
mobile robot that maximizes this exposure.
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𝑇

𝑁

𝐽 = ∑ ∑ max(𝑆𝑖 (𝑡) + 𝑡ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑, 0)
𝑡=0 𝑖 =1

(3.15)
The cost function is composed of two summations: the first which accumulates for
each time step (𝑡) within the set of the simulation duration (𝑇) and a second summation
which, within each time step, accumulates the dosage received by each disinfection target
(𝑖) within the set of all disinfection targets (𝑁). At each time step and for each disinfection
target, the cost function adds the dosage that the disinfection target had received at the
previous time step to a positive threshold value (𝑡ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑). The goal of the simulation is
to drive the dosage, being calculated as a negative number, to a desired value. This
threshold is the dosage value that is desired by the user. Once the dosage that the
disinfection target has received is equal to or greater than this threshold value, the sum of
the two numbers will become either zero or a negative value. Since the optimization seeks
to minimize the cost function, a maximization function has been added to ensure that the
cost function does not overexpose targets in order to reduce the cost function. Once the
sum of the threshold and accumulated exposure of the target becomes negative, the term is
essentially expressed as a zero and the optimization no longer has incentive to expose that
disinfection target. If the result of the sum is positive (i.e., the surface has not yet been
adequately disinfected), then the remaining required exposure will persist as a positive
integer and be the resulting maximum value. This will increase the cost function, which is
not desired. Therefore, the cost function seeks to drive the optimization to traverse the
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space until the cost function is minimized and in order to achieve this minimization, the
threshold of each disinfection target must be met.

3.2.2 Constraints
Due to the nature of this optimization, three sets of constraints were considered:
linear position constraints seen in Equations (3.16) and (3.17), nonlinear velocity
constraints seen in Equations (3.18) – (3.20), and nonlinear acceleration constraints seen
in Equations (3.21) – (3.23). Although the angular velocity and acceleration constraints
were not included in the optimization for the results displayed in this thesis, they could
easily be added as they are shown here. The linear position constraints impose a restriction
on the space that the robot is allowed traverse. The nonlinear constraints impose restriction
on how fast the robot is allowed to travel from position to position during each time step
and how fast the robot is allowed to accelerate during each time step. The values for these
sets of constraints are accepted as inputs from the user.

−𝑥𝑚𝑖𝑛 ≤ 𝑥(𝑡) ≤ 𝑥𝑚𝑎𝑥

(3.16)

−𝑦𝑚𝑖𝑛 ≤ 𝑦(𝑡) ≤ 𝑦𝑚𝑎𝑥

(3.17)

− 𝑉𝑥 𝑚𝑎𝑥 ≤ 𝑉𝑥 (𝑡) ≤ 𝑉𝑥 𝑚𝑎𝑥

(3.18)

− 𝑉𝑦 𝑚𝑎𝑥 ≤ 𝑉𝑦 (𝑡) ≤ 𝑉𝑦 𝑚𝑎𝑥

(3.19)

− 𝜔𝑚𝑎𝑥 ≤ 𝜔(𝑡) ≤ 𝜔𝑚𝑎𝑥

(3.20)

− 𝑎𝑥 𝑚𝑎𝑥 ≤ 𝑎𝑥 (𝑡) ≤ 𝑎𝑥 𝑚𝑎𝑥

(3.21)
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− 𝑎𝑦 𝑚𝑎𝑥 ≤ 𝑎𝑦 (𝑡) ≤ 𝑎𝑦 𝑚𝑎𝑥

(3.22)

− 𝛼𝑚𝑎𝑥 ≤ 𝛼(𝑡) ≤ 𝛼𝑚𝑎𝑥

(3.23)

3.3 Travel Problems
The non-convex geometry of the example room being used during development
yielded an interesting problem for the optimization. As can be observed from the linear
position constraints, the optimization has a restricted solution space of where it is allowed
to move the robot. However, due to the nature of the optimization method, the solution
space can only be limited to a cubic space. In order to traverse a room of non-convex
geometry, this boundary constraint problem was overcome. Its solution will be outlined in
the next section.
Another problem that was addressed was one encountered when calculating the
required change in heading of the robot. Due to the method being used to calculate the
desired angle of the heading (𝜃𝑑 ), the angle will only ever be calculated with respect to the
horizon. Therefore, when travelling to a different quadrant, the necessary change in
heading would be incorrect by the previously determined calculation. This quadrant-angle
problem was overcome, and the solution will be explained in following section.

3.3.1 Log-Barrier Function
The boundary problem, as described previously, existed due to the fact that the
optimization only allowed constraints that would cubically restrict the solution space.
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While this would not be a problem when traversing a room of convex geometry, the second
objective of this research is to create an optimal method of traversing a hospital room that
is not constrained by room geometry. In order to overcome this issue, a log-barrier function
was added to the cost function. This addition, seen as the final bracketed term in Equation
(3.24), created a penalty in the cost function as a means to restrict the travel of the robot.

𝑇

𝑁

𝐿

𝐽 = ∑ ∑ max(𝑆𝑖 (𝑡) + 𝑡ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑, 0) + [ ∑ max(−log (ℎ𝑘 (𝑥(𝑡), 𝑦(𝑡))) ∗ 𝜇, 0)]
𝑡=0𝑖=1

𝑘=1

(3.24)

By leveraging the already present, cubic constraints on the solution space, the logbarrier function can be added in order to add more definition to the solution space in order
to fully define the desired non-convex geometry. By defining mathematical functions that
enclose the desired space, the log barrier function then takes the logarithm of each function
and multiplies it by a pre-defined weight (𝜇) and adds the maximum value between zero
and the previously mentioned product. This will drive the robot to obey the determined
ℎ(𝑥(𝑡), 𝑦(𝑡)) function, which are designed to keep the robot within their boundaries. To
explain via example, see Equations (3.25) – (3.28) and how they appear on Figure 3.3 [11].

ℎ1 = log(𝑥(𝑡) − 1.5)

(3.25)

ℎ2 = log(6.5 − 𝑥(𝑡))

(3.26)
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ℎ3 = log(0.5 ∗ tanh(10000 ∗ 𝑥(𝑡) − 40000) + 5 − 𝑦(𝑡))

(3.27)

ℎ4 = log(−(tanh(10000 ∗ 𝑥(𝑡) − 40000) + 2.5 − 𝑦(𝑡)))

(3.28)

Figure 3.3: Non-convex room constructed with mathematical functions, used for
barrier functions (Equations (3.25) – (3.28)).

Due to the fact that the optimization is seeking to minimize the cost function, it will
attempt to place the robot in locations that result in positive values of each, respective
ℎ(𝑥(𝑡), 𝑦(𝑡)) function. This is because as the robot is placed closer and closer to each logbarrier, its respective ℎ(𝑥(𝑡), 𝑦(𝑡)) function will begin to become negative. Furthermore,
since the entire log-barrier function is subtracted from the cost function, and the
minimization function ensures that a negative function would prevail over the zero, positive
results from the ℎ(𝑥(𝑡), 𝑦(𝑡)) functions are greatly preferred to negative ones to keep the
cost function as small as possible. Additionally, the weight that is multiplied by the sum of
the ℎ(𝑥(𝑡), 𝑦(𝑡)) functions (𝜇) is chosen to be sufficiently small and is put in place to
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ensure that even if the robot need to be placed near a barrier, it will not cause the cost
function to incur an large enough cost to inhibit free motion within the desired barriers.
3.3.2 Quadrant-Angle Problem
It was discovered that the use of Equation (3.11) to determine the change in the
robot’s heading can result in incorrect heading changes, depending on the motion of the
robot. This is because the next angle of the robot is determining with respect to the local,
body frame of the robot and if the robot is being told by to change heading and move toward
any quadrant other than quadrant I, the calculated change in angle would only be with
respect to the closest horizontal and would be insufficient, as seen in Figure 3.4.

Figure 3.4: When the desired location is not in quadrant I, Equation (3.8) calculated
the desired heading to the nearest horizontal, resulting in the issue displayed here.

In order to correct this inaccuracy in the angle calculation, a compensation angle
(𝜃𝑐 ) must be added for motion to a quadrant other than quadrant I. As can be seen in Figure
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3.4, when the robot is attempting to change heading from quadrant I to quadrant III,
Equation (3.11) will result in a heading angle for the next time step that will cause the
required heading angle change to be insufficient. In Figure 3.5, it can be seen that the
addition of 𝜃𝑐 , remedies the issue and results in the correct heading angle to reach the
desired location and keeps the positive x axis as the absolute reference for heading angles.

Figure 3.5: The addition of a compensating angle (𝜽𝒄 ) solves the identified
quadrant-angle problem.

In order to rectify this issue mathematically, two indicator variables, 𝜅𝑥 and 𝜅𝑦 (as
seen in Equations (3.29) and (3.30), respectively), were created that are used to determine
the quadrant that the robot is travelling to. If the desired heading is in the direction of a
quadrant that differs from the quadrant of the previous heading, these variables are used to
add the necessary increase of heading angle in order to account for the missing information
from the skipped quadrants.
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𝜅𝑥 =
𝜅𝑦 =

𝑥𝑑 −𝑥
2∗ ‖𝑥𝑑 −𝑥‖
𝑦𝑑 −𝑦
2∗ ‖𝑦𝑑 −𝑦‖

(3.29)
(3.30)

When the variables 𝜅𝑥 and 𝜅𝑦 are put into their respective use case equations 𝜅1 ,
𝜅2 , 𝜅3 , and 𝜅4 (as seen in Equations (3.31) – (3.34)) they can be used to steer the desired
change in heading angle. These equations act as a binary indicator variable that will
determine the value of the compensation angle (𝜃𝑐 ), or how much of an angle will be added
to the heading calculation in order to compensate for the skipped quadrants in the
calculation seen in Equation (3.35). This allows for an accurate desired heading angle (𝜃𝑑 )
to be provided which will allow future calculations to correctly determine the necessary
angular velocity to face the next desired robot location and to successfully achieve the
correct heading.

𝜅1 = max(𝜅𝑥 + 𝜅𝑦 , 0) = 1 iff travel to 𝑥𝑑 involves motion toward quadrant I
(3.31)

𝜅2 = max(− 𝜅𝑥 + 𝜅𝑦 , 0) = 1 iff travel to 𝑥𝑑 involves motion toward quadrant II
(3.32)

𝜅3 = max(− 𝜅𝑥 − 𝜅𝑦 , 0) = 1 iff travel to 𝑥𝑑 involves motion toward quadrant III
(3.33)

35

𝜅4 = max(𝜅𝑥 − 𝜅𝑦 , 0) = 1 iff travel to 𝑥𝑑 involves motion toward quadrant IV
(3.34)

4

𝜃𝑑 (𝑡 + 1) = ∑ 𝜅𝑗 ∗ ((𝑗 − 1) ∗ 90) + tan−1

√(𝑦𝑑 (𝑡 + 1) − 𝑦(𝑡))

2

2

√
( (𝑥𝑑 (𝑡 + 1) − 𝑥(𝑡)) )

𝑗=1

(

)
(3.35)
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CHAPTER FOUR: SIMULATION

Chapter Objectives:
•

Cite parameters used to simulate realistic conditions.

•

Explain the room specifications used in the realistic hospital room mock-up.

•

Display simulation results.

4.1 Selecting Simulation Parameters
In order to simulate realistic conditions for the intended application of this research,
parameters for the simulation were determined to match a realistic scenario. The size of the
candidate simulation space was created to emulate a hospital room, the technical
specifications of the mobile robot were selected, and the technical specifications of the
proposed Ultraviolet-C radiation were defined.

4.1.1 Room Specifications
The candidate simulation space was modeled after a double occupancy, inpatient
hospital room. This room (seen in Figure 4.1) is sized to accommodate two standard size
patient beds, space for privacy curtains, a refrigerator, a single attached bathroom, a
handwash sink/vanity, and adequate space for hospital use charting, PPE, gasses, and IVs.
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Figure 4.1: Standard room layout of a double occupancy hospital room [12].
Some aspects of the room layout pictured in Figure 4.1 (angled bathroom entry,
inclusion of horizontal surfaces such as beds, tables, etc.) were simplified for the purposes
of the simulation. Additionally, the dimensions of the space were determined using the size
of a standard hospital bed for reference. A dimensioned version of the simulation space can
be seen in Figure 4.2.
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Figure 4.2: Dimensioned double occupant hospital room with furniture and
bathroom door removed.
In order for the MATLAB optimization to interpret the space, the ℎ(𝑥(𝑡), 𝑦(𝑡))
barrier functions were constructed in a way that best fits the simplified simulation space.
The functions that compose the space without furniture can be seen overlaying the
dimensioned room layout in Figure 4.3 below. Additionally, the inclusion of a much more
restrictive log-barrier function can be included to simulate the area of the room that would
normally be blocked off to the mobile robot due to the existence of furniture can be seen
in Figure 4.4. Both of these barrier formulations (that seen in Figure 4.3 and in Figure 4.4)
were used in the simulation.
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Figure 4.3: Hospital room without furniture, created using mathematical functions
to be used as barrier functions.

Figure 4.4: Hospital room with furniture, created using mathematical functions to
be used as barrier functions.
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A total of 28 targets were created to be placed on the walls in the representative
hospital room layouts in order to be disinfected. Many of these targets reside behind the
barrier functions, essentially barring the mobile robot from actually navigating itself to
directly in front of any, single target. This emulates a realistic scenario, where the robot
would not be able to navigate through objects like window seats, countertops, toilets, etc.

Figure 4.5: Empty hospital room with disinfection targets.

Figure 4.6: Hospital room containing hospital beds with disinfection targets.
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4.1.2 Mobile Robot Specifications
The specifications for the mobile robot were modeled after the TurtleBot3, created
by the TurtleBot company. The TurtleBot3 (seen in Figure 4.7) is a relatively inexpensive,
modular mobile robot costing only $550 that features a single, omnidirectional wheel at
the front and two direct-drive wheels at the rear. The use of the TurtleBot3’s specifications
as the model robot in this research stem from the fact that this robot is widely available and
is seen as the most cost-effective option for any physical implementation of this research.

Figure 4.7: TurtleBot3 in the “burger” formation [21].
The TutleBot3 has a maximum translational velocity of 0.22 meters/second, a
maximum rotational velocity of 162.72 degrees/second, and a maximum payload of 33.0
lbs. Additional specifications of the TurtleBot3 can be found in Appendix A. Additionally,
the results of this research are able to be extrapolated to other mobile robots currently used
in industry, such as the Dingo robot by Clearpath Robotics, in order to support additional
payload of a heavier UVC source and the required equipment to power it. Therefore, there
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exist robots, such as the aforementioned Dingo, that are built in the same form factor as the
TurtleBot3 but are capable of handling faster translational and rotational velocities and
heavier payloads, with some omnidirectional robots eliminating the need for rotational
consideration altogether. Furthermore, the use of robots with omnidirectional wheels, such
as the Ridgeback platform offered by Clearpath Robotics, would allow for simplification
the research via the removal of any rotational constraints required for other mobile robots.

4.1.3 Ultraviolet-C Radiation Source Specifications
Although the dosage threshold is a parameter that can be adjusted by the user, in
order to verify that the optimization works, a realistic value for this threshold must be used.
A pathogen’s D90 value corresponds to the UVC radiation dosage required to completely
inactivate at least 90% of the pathogen present on a surface. As can be seen in Table 4.1,
𝐽

the average D90 dose for the common HAIs previously identified in Table 2.1 is 78 𝑚2 and
the maximum required D90 dose is 280

𝐽
𝑚2

and is required to inactivate at least 90% of HIV
𝐽

associated pathogens. For the simulation, the mean D90 dose was rounded up to 80 𝑚2 .
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Table 4.1: List of common HAI pathogens and their required D90 dosage [16, 17].
Type of Pathogen

Gram-Positive
Bacteria

Gram-Negative
Bacteria

𝑱

Pathogen Name

Average D90 (𝒎𝟐 )

Staphylococcus
aureus

38

Clostridium spp.

74

Escherichia coli

28

Klebsiella spp.

48

Vibrio cholerae

17

SARS-CoV-2

27

Influenza A virus

26

Rotavirus

109

Poliovirus

97

HAV

106

HIV

280

Respiratory Viruses

Gastrointestinal
Viruses

Blood-Borne Viruses

𝐽

Average D90 (𝑚2 ) dose for identified HAIs
𝐽

Maximum D90 (𝑚2 ) dose for identified HAIs

78
280

(All available data for relevant D90 doses can be found in Appendix B)
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Market research was performed in order to determine the strength of the
representative UVC radiation source in the simulation. The Sanidyne Prime and Sanidyne
Premium units were chosen as two of the candidate UVC sources due to the availability of
their technical specifications as well as their relatively distant price points. Additionally, a
consumer grade UVC source found on Amazon.com was selected as a low-cost, minimum
power option. The consumer grade UVC source would never realistically used in a
healthcare environment but was included for the sake of determining how the optimization
reacts with such a small disinfection source. Table 4.2 shows some products that are
available to consumers online and their listed strength and price.

Table 4.2: Ultraviolet-C disinfection used in the simulation [20, 22, 23].

Consumer
Grade
Sanidyne
Prime
Sanidyne
Premium

Price
(USD)

Bulb Length
(m)

Power
(Watt)

Max
Effective
UV Output
(Watt)

$70.00

0.584

55.0

55

254

$4500.00

0.575

143

71.5

254

$26000.00

1.15

480

240

254
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UV
Wavelength
(nm)

4.2 Simulation Results
The representative hospital room discussed previously was assigned 28 discrete
disinfection targets. The simulation of the disinfection of this representative hospital room
was completed a total of 12 times. The first three simulations were completed using the
three UVC disinfection sources of different strengths discussed previously with a D90 dose
𝐽

of 80 𝑚2 , as was discovered to be the average D90 dose required for common HAI causing
pathogens. The second three simulations were completed using the same three UVC
𝐽

disinfection sources with a D90 dose of 280 𝑚2 , as was discovered to be the maximum D90
dose required for common HAI causing pathogens. The third and fourth groups of
simulations were conducted in the same manner as the first two, with the addition of a logbarrier constraint acting as a “furniture constraint,” as was discussed previously.
The resulting time that the optimization took for all 28 disinfection targets to reach
the required D90 dosage can be found in Table 4.3 for the open room without the additional
furniture restriction and in Table 4.4 for the room with the additional furniture restriction.
Further, the graphical results for the simulations of the median strength UVC disinfection
source (Sanidyne Prime) can be found subsequently in Figures 4.8 – 4.15, progressing in
the same manner as the simulations were introduced in the previous paragraph. The
additional graphical results can be found in Appendix C.
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Table 4.3: Time to achieve D90 dosage per UVC source for a hospital room without
imposing a furniture restriction.

𝐽

Average D90 (80 𝑚2 )
𝐽

Maximum D90 (280 𝑚2 )

Consumer Grade

Sanidyne Prime

Sanidyne Premium

(55 W)

(143 W)

(480 W)

1.96 min

1.79 min

1.51 min

2.50 min

2.23 min

1.58 min

Table 4.4: Time to achieve D90 dosage per UVC source for a hospital room with an
imposed furniture restriction.

𝐽

Average D90 (80 𝑚2 )
𝐽

Maximum D90 (280 𝑚2 )

Consumer Grade

Sanidyne Prime

Sanidyne Premium

(55 W)

(143 W)

(480 W)

1.50 min

1.41 min

1.37 min

3.92 min

2.97 min

1.42 min
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Figure 4.8: Path plotted by the optimization for the disinfection of a representative
𝑱
hospital room without furniture restrictions (D90 = 80 𝒎𝟐 , UVC Power = 143 W).

Figure 4.9: Dosage received by each disinfection target throughout the course of the
𝑱
mobile robot’s course (D90 = 80 𝒎𝟐 , UVC Power = 143 W).
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Figure 4.10: Path plotted by the optimization for the disinfection of a representative
𝑱
hospital room without furniture restrictions (D90 = 280 𝒎𝟐 , UVC Power = 143 W).

Figure 4.11: Dosage received by each disinfection target throughout the course of
𝑱
the mobile robot’s course (D90 = 280 𝒎𝟐 , UVC Power = 143 W).
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Figure 4.12: Path plotted by the optimization for the disinfection of a representative
𝑱
hospital room without furniture restrictions (D90 = 80 𝒎𝟐 , UVC Power = 143 W).

Figure 4.13: Dosage received by each disinfection target throughout the course of
𝑱
the mobile robot’s course (D90 = 80 𝒎𝟐 , UVC Power = 143 W).
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Figure 4.14: Path plotted by the optimization for the disinfection of a representative
𝑱
hospital room without furniture restrictions (D90 = 280 𝒎𝟐 , UVC Power = 143 W).

Figure 4.15: Dosage received by each disinfection target throughout the course of
𝑱
the mobile robot’s course (D90 = 280 𝒎𝟐 , UVC Power = 143 W).
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CHAPTER FIVE: CONCLUSIONS AND FUTURE WORK

Chapter Objectives:
•

Review and comment on simulation results.

•

Discuss how the simulation results relate to each of the defined research objectives.

•

Discuss implications and desired next steps of the research.

5.1 Review of Simulation Results
To give context to the results seen in Tables 4.3 and 4.4, the information in Figure
5.1 below is provided by Sanidyne on their Sanidyne Prime UVC disinfection source. The
data in this graph is meant to inform users of how long to leave the Sanidyne Prime unit in
a single location, based on how much of a dosage they require and how far the source is
from their surface.

Figure 5.1: “Recommended treatment time for room sizes – Sanidyne Prime” [4]
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Dosage (J/m^2)

1000
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800

4.572 m

700

6.096 m
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20
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25

30

Figure 5.2: Exposure rates for three distances from disinfection surface – Sanidyne
Prime.
The data plotted in Figure 5.2 above was taken from the information provided by
Sanidyne in Figure 5.1. This allows for the determination of how long could be expected
in order for the required dosage to be met, assuming that the Sanidyne Prime unit was being
stationed either 3.048, 4.572, or 6.096 meters from the surface. In order to determine if the
simulation results show that the optimization is more efficient than simply placing the
Sanidyne Prime unit in the center of the room, the information in Figure 5.2 will be used
to determine the expected time to reach 280

𝐽
𝑚2

of UVC radiation with a stationary

Sanidyne Prime unit in the same sized hospital room that the simulations took place in.
From Figure 4.2 it can be seen that the main area of the hospital room used in the
simulation is 5.08 meters by 3.82 meters. If the Sanidyne Prime unit were placed in the
center of that room, excluding any additional non-convex spaces in the room, the farthest
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point from the Sanidyne Prime unit would be 3.18 meters. Unfortunately, Sanidyne did not
provide information on all distances and their required exposure times. However, the slopes
of the lines of exposure time versus dosage for the three distances that were given appear
to increase in an exponential manner (seen in Figure 5.3). These slopes were plotted in
Figure 5.3 and analyzed using an exponential regression. The equation of this exponential
regression produced an R2 value of 0.9935, leading to the conclusion that the model is
highly accurate. This model was used to estimate the amount of time that it would take to
𝐽

provide 280 𝑚2 to a surface that would be 3.18 meters from the Sanidyne Prime unit, this
analysis can be seen in Table 5.1 below.

35
30

Slope

25
20
15
10

y = 122.17e-0.455x
R² = 0.9935

5
0

0

1

2

3
4
Distance from Surface (m)

5

6

7

Figure 5.3: Exponential regression calculated from the slopes of the lines from
Figure 5.2.
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Table 5.1: Slope of line of disinfection rate for data from Sanidyne as well as the
calculated slope for 3.18 m using the model presented in Figure 5.3.
𝐽

Distance from Surface (m)

Slope

Time to Reach 280 𝑚2 (min)

3.048

31.75

8.820

4.572

14.11

19.85

6.096

7.932

35.30

3.120

29.54

9.470

As can be seen in Table 5.1, based on an estimate created with the information
supplied by Sanidyne, approximately 9.47 minutes would be required to disinfect a
majority of the representative hospital room using a stationary Sanidyne Prime unit.
Compared to the longest time recorded in order for the simulation to disinfect the same
room using the same unit (a time of 2.97 minutes), the stationary UVC method is decidedly
less efficient than the method presented in this research. The results from Table 5.1 above,
showing that the mobile version of the UVC source is approximately 69.5% faster than the
stationary method.

5.1.1 Research Objective One
The first objective of this research was to create a method of disinfection which
could operate independently and autonomously of hospital staff. Not only does UVC
disinfection achieve this, but a mobile source of UVC disinfection achieves this by
removing the responsibility of moving the UVC source manually and of requiring hospital
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staff to be trained in understanding the proper locations and operating procedures of the
UVC source. Therefore, based on the research presented in this thesis, the first objective
of this research has been met.

5.1.2 Research Objective Two
The second objective of this research narrowed the scope of the first. It was to create
a method of disinfection that was optimal and that would be able to operate optimally in
rooms of even non-convex geometry. By leveraging convex optimization methods, logbarrier functions, and binary indicator variables the method of optimal UVC travel for the
purposes of disinfection presented in this thesis have resulted in results that prove more
efficient than the current, stationary placement method of UVC disinfection. Therefore, the
second objective of this research has been met.

5.2 Implications of the Research
This mobile robot’s ability to find optimal paths around convex and non-convex
rooms and areas can be an integral part of the ongoing effort to eradicate COVID as well
as to prevent the spread of any future viruses or bacteria spread on high contact surfaces in
public places. This UVC radiation source could be used in airports, airplanes, pharmacies,
hotels, schools, and even in grocery stores. A possible concern for using UVC in grocery
stores is what effect UVC radiation can have on fresh fruit and vegetables. As is noted in
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a study by Koutchma et al. and Sommers et al., using pulsed UVC radiation is actually an
effective method to eliminate pathogenic, non-pathogenic, and soilage microorganisms.
However, the correct dosage radiation source still needs to be determined for the produce
in question in order to avoid disrupting the taste, appearance, or texture of the produce (as
a tomato is not likely to fare well if an extremely powerful radiation source is placed next
to it). So, for these reasons, some additional considerations would need to be supplied for
grocery store use of this technology. According to Sommers et al., UVC radiation sources
are ideal for disinfection of stainless-steel surfaces in food production facilities, making
them equally as suited for supermarkets. Additionally, the United States FDA and Health
Canada have already approved various methods of UV radiation in the application of fruit
and vegetable disinfection [15, 25].

5.3 Future Work
This research has achieved its objectives. However, this was only a study
investigating the feasibility of non-convex room disinfection. This research can be taken a
step further to increase the helpfulness of such a disinfection solution in a healthcare
setting. As can be seen in Figure 5.4 below, there are often up to twenty identical hospital
rooms within a single inpatient ward in hospitals. If multiple rooms need to be disinfected,
the introduction of a travelling salesperson problem could be employed in order for the
mobile UVC source to autonomously traverse the entire ward, from room to room,
essentially eliminating the need to hospital staff to interact with the mobile robot at all.
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Additionally, if the workload of an entire hospital ward is too much for a single mobile
robot to handle, the problem could be considered as a scheduling problem to account for
multiple available machines.

Figure 5.4: Layout of a typical hospital ward, featuring 16 exact copies of the same
room layout that was investigated in this research [12].
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APPENDIX A

A.1 Additional Specifications of the TurtleBot3
Table A.1: Additional TurtleBot3 specifications [21].
Max
Max
Max
Size
Weight Threshold Expected Actuator
Linear
Rotational Payload (LWH)
of
operating
Velocity Velocity
climbing time
0.22 m/s 2.84 rad/s 15kg
(162.72
deg/s)

138mm 1kg
x
178mm
x
192mm
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10 mm or 2h 30m
lower

XL430W250

A.2 All Available Data for Relevant D90 Doses
Table A.2: All relevant samples used to determine average D90 doses [16, 17].
Pathogen
Type
D90
Media
𝐽
( 2)
𝑚
Staphylococcus aureus
Vegetative
30
Surface
Staphylococcus aureus
Vegetative
50
Surface
Staphylococcus aureus
Vegetative
66
Surface
Staphylococcus aureus
Vegetative
26
Surface
Staphylococcus aureus
Vegetative
37
Surface
Staphylococcus aureus
Vegetative
19
Surface
Clostridium spp.
Vegetative
38
Water
Clostridium spp.
Vegetative
135
Clostridium spp.
Vegetative
49
Escherichia Coli
Vegetative
25
Surface
Escherichia Coli
Vegetative
19
Surface
Escherichia Coli
Vegetative
12
Surface
Escherichia Coli
Vegetative
25
Surface
Escherichia Coli
Vegetative
20
Surface
Escherichia Coli
Vegetative
51
Surface
Escherichia Coli
Vegetative
34
Surface
Escherichia Coli
Vegetative
55
Surface
Escherichia Coli
Vegetative
8
Surface
Klebsiella spp.
Vegetative
42
Water
Klebsiella spp.
Vegetative
68
Water
Klebsiella spp.
Vegetative
33
Water
Vibrio Cholerae
Vegetative
17
Water
SARS-CoV-2
ssRNA
12.3
Surface
SARS-CoV-2
ssRNA
41.7
Surface
Influenza A Virus
ssRNA
19
Water
Influenza A Virus
ssRNA
20
Water
Influenza A Virus
ssRNA
48
Water
Influenza A Virus
ssRNA
17
Water
Rotavirus
dsDNA
200
Water
Rotavirus
dsDNA
89
Water
Rotavirus
dsDNA
75
Water
Rotavirus
dsDNA
105
Water
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Pathogen

Type

Rotavirus
Rotavirus
Poliovirus
Poliovirus
Poliovirus
Poliovirus
Poliovirus
Poliovirus
Poliovirus
Poliovirus
Poliovirus
Poliovirus
Poliovirus
Poliovirus
Poliovirus
Poliovirus
Poliovirus
Poliovirus
Poliovirus
Poliovirus
Poliovirus
Poliovirus
HAV
HAV
HAV
HAV
HAV
HAV
HIV

dsDNA
dsDNA
dsRNA
dsRNA
dsRNA
dsRNA
dsRNA
dsRNA
dsRNA
dsRNA
dsRNA
dsRNA
dsRNA
dsRNA
dsRNA
dsRNA
dsRNA
dsRNA
dsRNA
dsRNA
dsRNA
dsRNA
dsDNA
dsDNA
dsDNA
dsDNA
dsDNA
dsDNA
ssRNA
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D90
J/m2
100
84
44
41
71
75
95
52
67
72
96
100
125
224
240
111
77
80
83
57
121
103
40
45
50
92
98
307
280

Media
Water
Water
Surface
Surface
Water
Water
Water
Water
Water
Water
Water
Water
Water
Water
Water
Water
Water
Water
Water
Water
Water
Water
Water
Water
Water
Water
Water
Water
Water

APPENDIX B
B.1 Consumer Grade Graphical Results

Figure B.1: Path plotted by the optimization for the disinfection of a representative
𝑱
hospital room without furniture restrictions (D90 = 68 𝒎𝟐 , UVC Power = 55 W).

Figure B.2: Dosage received by each disinfection target throughout the course of the
𝑱
mobile robot’s course (D90 = 68 𝒎𝟐 , UVC Power = 55 W).
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Figure B.3: Path plotted by the optimization for the disinfection of a representative
𝑱
hospital room without furniture restrictions (D90 = 280 𝒎𝟐 , UVC Power = 55 W).

Figure B.4: Dosage received by each disinfection target throughout the course of the
𝑱
mobile robot’s course (D90 = 280 𝒎𝟐 , UVC Power = 55 W).
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Figure B.5: Path plotted by the optimization for the disinfection of a representative
𝑱
hospital room without furniture restrictions (D90 = 68 𝒎𝟐 , UVC Power = 55 W).

Figure B.6: Dosage received by each disinfection target throughout the course of the
𝑱
mobile robot’s course (D90 = 68 𝒎𝟐 , UVC Power = 55 W).
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Figure B.7: Path plotted by the optimization for the disinfection of a representative
𝑱
hospital room without furniture restrictions (D90 = 280 𝒎𝟐 , UVC Power = 55 W).

Figure B.8: Dosage received by each disinfection target throughout the course of the
𝑱
mobile robot’s course (D90 = 280 𝒎𝟐 , UVC Power = 55 W).
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B.2 Sanidyne Premium Graphical Results

Figure B.9: Path plotted by the optimization for the disinfection of a representative
𝑱
hospital room without furniture restrictions (D90 = 68 𝒎𝟐 , UVC Power = 480 W).

Figure B.10: Dosage received by each disinfection target throughout the course of
𝑱
the mobile robot’s course (D90 = 68 𝒎𝟐 , UVC Power = 480 W).
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Figure B.11: Path plotted by the optimization for the disinfection of a representative
𝑱
hospital room without furniture restrictions (D90 = 280 𝒎𝟐 , UVC Power = 480 W).

Figure B.12: Dosage received by each disinfection target throughout the course of
𝑱
the mobile robot’s course (D90 = 280 𝒎𝟐 , UVC Power = 480 W).
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Figure B.13: Path plotted by the optimization for the disinfection of a representative
𝑱
hospital room without furniture restrictions (D90 = 68 𝒎𝟐 , UVC Power = 480 W).

Figure B.14: Dosage received by each disinfection target throughout the course of
𝑱
the mobile robot’s course (D90 = 68 𝒎𝟐 , UVC Power = 480 W).
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Figure B.15: Path plotted by the optimization for the disinfection of a representative
𝑱
hospital room without furniture restrictions (D90 = 280 𝒎𝟐 , UVC Power = 480 W).

Figure B.16: Dosage received by each disinfection target throughout the course of
𝑱
the mobile robot’s course (D90 = 280 𝒎𝟐 , UVC Power = 480 W).
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APPENDIX C
C.1 Results with Included Absorption Coefficient

Figure C.1: Path plotted for the disinfection of a representative hospital room with
𝑱
furniture restrictions (D90 = 280 𝒎𝟐 , UVC Power = 480 W, 80% absorption).

Figure C.2: Dosage received by each disinfection target throughout the course of the
𝑱
mobile robot’s course (D90 = 280 𝒎𝟐 , UVC Power = 480 W, 80% absorption).
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𝑱

Table C.1: Time to achieve D90 dosage of 280 𝒎𝟐 for Sanidyne Prime (143 W) unit for
a hospital room with imposed furniture restriction, with and without 80% absorption.

𝐽

Maximum D90 (280 𝑚2 )

100% Absorption

80% Absorption

2.97 min

3.13 min
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